Increased atmospheric CO2 may affect the physiological response of natural trees to drought. We examined radial growth rates developed from five western juniper chronologies to determine if post-drought growth responses have changed. Using prior year October to current year June precipitation from 1896-1998, we identified drought recovery years as having standardized scores (z-scores) > 0 and preceded by a year with a z-score <-0.6. We defined our analysis by an early period, 1896-1930, when atmospheric CO2 concentrations were close to preindustrial levels, and a late period, 1964-1998, when concentrations were substantially higher. Mean growth index values of recovery years between early and late periods were significantly greater (p<0.05) for four of the five sites, and for all sites combined.
Introduction
Rises in atmospheric CO2 levels may alter plant community composition and distributions via changes in climate, differential plant responsiveness to elevated CO2, or both [ Laboratory studies have shown that environmental stresses (e.g., water and temperature stress) are ameliorated when plants grow under elevated atmospheric CO2 relative to those that grow under ambient conditions [ldso and ldso, 1994]. When water is limiting, the growth benefits of elevated CO2 are often related to reductions in stomatal conductance that in turn reduce transpirational loss without an equal reduction in rates of CO2 assimilation [Eamus, 1991] . Thus, water-use efficiency (WUE) increases, causing a smaller relative decrease in photosynthetic activity. Considerably less is known about the changes in WUE for trees in natural conditions as a consequence of rising atmospheric CO2.
However, several studies that examined 15J3C in tree rings showed that intrinsic WUE also has increased during the past . Further, these increases were most rapid during the last fifty years, paralleling increases in atmospheric CO2, generating discussion that anomalous 20 th century tree growth (relative to tree growth during other centuries) may be responding to a CO2 fertilization effect [Briffa, 2000] Western juniper (Juniperus occidentalis var. occidentalis) is a long-lived xeric tree species that grows in California, Idaho, Nevada, Oregon, and Washington in areas that typically receive less than 35 cm annual precipitation. The mean sensitivity of western juniper tree-ring data is among the highest of all tree species, with annual rings strongly reflecting interannual changes in climate. In addition, annual growth rates are largely determined by October-June precipitation amounts, with variability in temperature and summer rainfall contributing little additional influence to ring widths [Knapp and SoulS, 1999] . Thus, it is an ideal species to study the possible effects of CO2 fertilization. In this paper, we examine post-drought recovery responses of western juniper from 1896-1998. We hypothesize that in response to the ameliorating effects of elevated atmospheric CO2 on tree water relations during drought stress, radial growth rates following a drought should have significantly increased during the latter half of the 20 th century when atmospheric one proposed RNA in central Oregon (Figure 1 ). These sites were selected to minimize the effects of non-climatic, humanrelated growth factors (e.g., wood cutting, road building, livestock grazing and fire suppression), and because they represent western juniper growth responses under a host of topoedaphic conditions [BLM, 1995] . With the exception of IRN, we selected trees using a random sampling design and collected cores from 54 trees (IRN) to 139 trees (HBU) per site. At IRN, 67% oF the trees were selected randomly, while the remaining trees were selected based on morphological characteristics that suggested exceptional longevity [LaMarche, 1982] . From each tree, we obtained a minimum of two cores using increment borers and standard dendroecological field techniques [Phipps, 1985] . The cores were then mounted and sanded to ensure the cellular structure of the tree tings was visible at standard 10X magnification. We crossdated all tree tings using both skeleton plots [Stokes and Smiley, 1968; Swetnam et al., 1985] and the extreme-ting match-mismatch method [Phipps, 1985; Yamaguchi, 1991] . We developed chronologies using those cores with the longest, clearest record for measurement. Sample sizes for individual chronologies ranged from 29 radii to 42 radii. These chronologies consist of indices of tree growth (mean = 1.0) after age and size related trends have been removed during the standardization process [Fritts, 1976] . We used conservative standardization techniques (i.e., negative exponential curve) to ensure that low-frequency, long-term trends would be preserved in each chronology.
Using multiple regression, we constructed climate growth models with growth index values as the dependent variable and a suite of monthly and seasonal precipitation and temperature measurements (including lagged values up to two years) as the explanatory variables. We examined climatic data from individual stations (e.g., Historical Climatology Network data from Bend and Prineville, Oregon [Karl et al., 1990] and Oregon Climatic Division 7 (South-central). Because of the near singular response of western juniper radial growth to previous year October to current year June (i.e., winter/spring) total precipitation, and the level of agreement between models developed using individual station and climatic division data, the functional form of the final climate growth models was consistent across all sites. It includes data from the period 1895-1998 and has winter/spring precipitation as the sole independent variable. Similarly, we used regression to determine if a significant trend in winter/spring precipitation had occurred between 1895-1998, (Figure 2 ; Table 1 ). The mean of winter/spring precipitation z-scores for the drought years indicate that years in the late period experienced more extreme negative deviations from normal precipitation than years in the early period (Table 1) . However, the two-sample means test shows the difference in z-score values for drought years to be non-significant. We found no significant differences between the early and late period recovery years, or between the periods when using all data. Both the early and late periods had 17 years with above normal winter/spring precipitation, and 18 years below normal.
Mean growth index values of recovery years between early and late periods were significantly greater (p<0.05) for four of the five sites, and for all sites combined (Table 1) . At the fifth site, IRN, mean index values were also greater, but not significant (Table 1) .
Discussion
The post-drought index values of these five chronologies indicate radial growth rates of western juniper were greater in the later half of the 20 th century, suggesting that these trees resume higher rates of photosynthesis following stress periods. Differences in post-drought index values between periods were greatest for HBU and least for IRN. These growth increases for western juniper occurred in the absence of significant trends in winter precipitation during the entire length of record, and in the absence of significant differences in precipitation between the selected early and late drought/recovery years.
Our results are in agreement with several controlled studies that have directly examined the effects of elevated atmospheric CO2 in ameliorating water stress in trees. For example, Polley et al., [1999] examined the effects of drought on growth, water relations, and seedling survival of Prosopis glandulosa under CO2 enrichment of 700ppm. Their results showed that transpiration rates decreased while both root and stem biomass and survival percentage increased in comparison to seedlings grown under drought conditions in ambient CO2. Similarly, Palanisamy [1999] found that photosynthetic rates for drought-stressed Eucalyptus cladocalyx seedlings exposed to 800 ppm CO2 were greater and stomatal conductance was less (indicating an increase in WUE) than those drought-stressed seedlings grown under ambient conditions. Finally, Tognetti et al., (1998: 620) found that adult Quercus ilex growing near a natural CO2 spring had less reduction in hydraulic resistance when compared to control trees growing under ambient conditions which they noted might "prolong photosynthesis during dry periods."
Greater recovery following drought in the late period is consistent with the expected ameliorating influences of atmospheric CO2 under stressful conditions. For example, Tuba et al., [1998: 39] determined that exposure of the dessication-tolerant woody shrub, Xerophyta scabria, to elevated CO2 prolonged photosynthesis during desiccation periods by 300%. They suggested the benefits of elevated CO2 were "that the carboxylating enzymes must still have been active...to allow appreciable photosynthetic activity." Similarly, Ferris et al., [1998] determined that recovery (i.e., photosynthesis) of soybean, Glycine max, following the cessation of drought occurred only under elevated atmospheric CO2 conditions because leaf water potential dropped below the threshold for chloroplast damage under ambient atmospheric CO2 conditions. For trees, Fritts [1976: 244] has noted that effects of droughts "can reduce ring width for that year and for several years thereafter."
We suspect that enhanced growth during recovery years in the late period is likely caused by two features. First, the actual detrimental effects of droughts (e.g., top dieback, dessication/death of shaded leaves, tissue damage; [Fritts, 1976] ) that would reduce ring width appear to be mitigated for western juniper under higher atmospheric CO2 conditions because of increased WUE [Knapp and Soulg, 1999] . Thus, the residual effects of drought on photosynthetic rates fbllowing the return to favorable soil moisture conditions would not be as pronounced. Our results support this, as the mean index values were all greater than 1.25 for the late period, while no mean index value exceeded 1.15 for the early period. Further, both HBU and BNU early period mean index values show reduced growth (index < 1) existed during the recovery year. Second, elevated CO2 appears to stimulate growth (compared with ambient CO2) even under favorable conditions [Knapp et al., 2000] , although this influence is considerably less than for drought conditions. We were uncertain why no significant differences existed between early and late periods for the post-drought response at IRN. This chronology, however, was the youngest and most cores used in chronology development were from fullbark trees. The remaining four chronologies were developed from sampling of older, and typically strip-bark, trees. Examination of radial growth responses of high elevation western (USA) conifers by Graybill and ldso [1993] suggest KNAPP ET AL.: POST-DROUGHT GROWTH RESPONSES OF WESTERN JUNIPER that strip-bark trees may be more sensitive to elevated atmospheric CO2.
We cannot eliminate the possible role of additional factors. Growth surges tollowing droughts can occur because the mortality of some trees release resources (i.e., water, light, and nutrients) for surviving individuals. While this is a possible scenario across our study sites, it is not probable as western juniper has continued to expand its range during the 20 th century [Miller et al., 1987; Bedell et al., 1993 ; Sould and . Additionally, though our comparison of drought events based on winter/spring precipitation captures the single dominant factor affecting western juniper growth, this variable accounts for less than 50% of the total ring width index variance. Thus, subtle climatic (or other environmental) changes may have occurred between our selected early and late periods that are responsible for the significant differences in growth. Nonetheless, our results suggest the ability of western juniper to recover from drought during the 20 th century has increased. Though the causes for these changes cannot be pinpointed with certainty, the results are consistent with the ameliorating effects of elevated atmospheric CO2 on plant growth during stress periods.
